GI system) across the EGJ. Five swallows each of 5 mL liquid (L) and viscous (V) bolus were analyzed. Mean values were compared using Student's t test for normally distributed data or Mann Whitney U-test when non-normally distributed. A P value < 0.05 was considered significant.
RESULTS
EGJ-CI at rest was similar for older subjects compared to controls. "Total" EGJ-CI, measured during liquid swallowing, was increased in older individuals when compared to young controls (O 39 ± 7 mmHg.cm vs C 18 ± 3 mmHg.cm; P = 0.006). For both liquid and viscous bolus consistencies, IRP4 was increased (L:
11.9 ± 2.3 mmHg vs 5.9 ± 1.0 mmHg, P = 0.019 and V: 14.3 ± 2.4 mmHg vs 7.3 ± 0.8 mmHg; P = 0.02) and BFT was reduced (L: 1.7 ± 0.3 s vs 3.8 ± 0.2 s and V: 1.9 ± 0.3 s vs 3.8 ± 0.2 s; P < 0.001 for both) in older subjects, when compared to young. A matrix of bolus flow and presence above the EGJ indicated reductions in bolus flow at the EGJ occurred due to both impaired bolus transport through the esophageal body (i.e. , the bolus never reached the EGJ) and increased flow resistance at the EGJ (i.e. , the bolus retained just above the EGJ).
INTRODUCTION
The esophagogastric junction (EGJ) is an anatomically and physiologically complex region, with several functions such as preventing gastro esophageal reflux, while being able to allow bolus passage during swallowing, evacuation of air during belching or gastric contents during vomiting [1] [2] [3] . The EGJ consists of a combination of the lower esophageal sphincter (LES) and diaphragmatic crura. The LES may be anatomically aligned with the crural diaphragm (CD) or misaligned in the form of a hiatus hernia. The lower esophageal sphincter is a smooth muscle region in the lower esophagus, tonically contracted at rest, but with the capacity for swallow, reflex or distentionbased relaxation [1, 2] . The LES receives vagal input from the brainstem via myenteric non-adrenergic noncholinergic neurons [4] , which release primarily nitric oxide, but also vasoactive intestinal peptide in order to induce LES relaxation [5, 6] . Passage of bolus through the EGJ region requires relaxation of the LES, aided by distraction of the LES region and CD by contraction of distal esophageal longitudinal muscle. The CD is thus an important constituent of the EGJ and therefore the term EGJ is thus preferred over LES to functionally describe this region [1] . The use of high-resolution manometry and the Chicago classification system for the description of esophageal pressure topography has necessitated the development of novel measures for the anatomical description of the EGJ, but also for the assessment of barrier function, swallow-induced relaxation and functional bolus clearance at the EGJ. Several novel metrics have been described in order to measure these different functional aspects at the EGJ. In terms of its barrier function at rest (preventing gastroesophageal reflux disease -GERD), the metric esophagogastric contractile integral (EGJ-CI) has been shown to be superior to other EGJ metrics in distinguishing GERD patients with and without proton-pump inhibitor response [7, 8] , as well as distal esophageal acid exposure [9] and could differentiate patients with achalasia or anti-reflux surgery from controls [10] . For the assessment of swallow-induced EGJ relaxation, Pandolfino et al [11] described the integrated relaxation pressure in four seconds (IRP4). This measure and specifically the time interval chosen, was shown to be superior to other iterations of IRP or metrics describing EGJ relaxation of clinical relevance [11, 12] . More recently Lin et al [13, 14] described the novel metric bolus flow time (BFT) at the EGJ. This metric determines bolus clearance at the EGJ and is reduced in achalasia [13] or other circumstances denoting reduced bolus clearance through the EGJ, such as ineffective esophageal motility [14] . We have recently described changes in the distal esophagus of individuals aged over eighty years, including reduced peristaltic vigor and clearance [15] , as well as reduced EGJ relaxation in both healthy and dysphagic aged individuals [16] [17] [18] . Both reduced clearance and decreased EGJ relaxation mimic the circumstances under which a reduced bolus flow time had previously been described by Lin et al [13, 14] and it would thus be of value to further assess EGJ function in the aged population, using the BFT. Furthermore, it is known that older individuals have reduced symptoms in relation to the severity of gastroesophageal reflux disease [19] and thus an assessment of EGJ barrier function would be additionally useful in this population, but the recent descriptions of EGJ barrier function metrics have not been assessed in this age cohort. The aims of this study were to evaluate different aspects of esophagogastric junction function in asymptomatic individuals over eighty years of age compared to young controls: (1) EGJ barrier function at rest through the novel metric EGJ-CI; (2) Swallow induced EGJ-relaxation through the Chicago classification metric integrated relaxation pressure (IRP4); and (3) EGJ bolus flow through the pressure-flow metric bolus flow time (BFT) and bolus presence in the distal esophagus through bolus presence time (BPT).
MATERIALS AND METHODS

Study participants
Forty-five healthy volunteers (20 M, aged 20-93 years) were recruited through community advertisement. A screening history was performed in all subjects to exclude (1) past or present swallowing difficulties; (2) symptoms suggestive of a motility disorder; (3) upper gastrointestinal conditions including gastroesophageal reflux disease; (4) diabetes mellitus; (5) previous history of gastrointestinal surgery; and (6) prescription medications known to affect GI motility. To further exclude underlying dysphagia, all potential subjects performed a previously validated Dakkak questionnaire [20] to assess the esophageal phase of swallowing for different food consistencies. Only subjects with a normal score were included in the study. Body weight and height, and current or past smoking history were also recorded. Enrolled subjects were stratified into the following two groups: younger controls and older subjects (> 80 years).
The study protocol was approved by the Southern Adelaide Clinical Human Research Ethics Committee (Approval No. 403.10). All participants gave written informed consent prior to enrolment, and studies were performed at the Repatriation General Hospital, Daw Park, South Australia. AIM pressure-flow analysis of the pharynx [21] and distal esophagus [15] had previously been reported in this cohort of subjects.
Measurement technique
Subjects were studied in a sitting posture using an MMS Solar (Solar GI acquisition system, MMS, Enschede, The Netherlands) manometric assembly with a 10 French (3.2 mm diameter) unidirectional catheter (Unisensor Inc, Attikon, Switzerland) with 25 pressure (1cm spaced) and 12 impedance segments (2 cm length) straddling the esophagogastric segment with at least 2-3 sensors in the stomach. Pressure and impedance data were recorded at 20Hz.
Study protocol
Following nasal administration of co-phenylcaine forte spray and 2% lignocaine gel, subjects were intubated with the sensors in a posterior orientation. The HRIM assembly was positioned with the recording segment spanning the esophageal transition zone to proximal stomach. Following a 10-min accommodation period, subjects received five 5ml and 10 mL boluses of liquid (0.9% NaCl) and standardized viscous bolus (EFT Viscous Swallow Challenge Medium, viscosity 13000 cP; Sandhill Scientific, Denver, Co. United States) via a syringe and asked to swallow once on cue. Studies were performed in the upright posture with head in a neutral position.
Determination of EGJ-CI
Method for the determination of EGJ-CIis described in Figure 1 . EGJ-CI was measured by assessing EGJ function in the rest period, i.e., prior to the onset of swallowing boluses. During calculation of the EGJ-CI, EGJ pressure was measured relative to intra gastric pressure, as the distal esophageal/gastric pressure differential is an important determinant of distal esophageal acid reflux [22] . The isobaric contour was set at +2 mmHg above the intra gastric pressure. The distal contractile integral "box" was then placed around a three-respiratory cycle segment, starting with diaphragmatic contraction. The value obtained in the box (mmHg.s Isobaric contour tool is adjusted to 2 mmHg above the intra gastric pressure to determine the boundaries for the EGJ. The "DCI box" (dotted red) is placed around the EGJ starting at the diaphragmatic contraction (mid-point inspiration) and extended for 3 further respiratory cycles. The "DCI"-value is then divided by time to determine EGJ-CI in mmHg.cm. EGJ: Esophagogastric junction.
were then imported into Matlab and analysed using an adapted version of the script esophageal AIMplot version 5.0 (T.Omari, Flinders University; Adelaide, Australia). The methodology for esophageal AIMplot pressure flow analysis is described elsewhere [15, 24, 25] . Specifically, as relates to the measurement of BFT and BPT the method is as described below ( Figure 2 ):
A virtual e-sleeve of pressure and impedance data at the EGJ was created. Pressure at the most proximal pressure channel in this region and intragastric pressure was used as reference values to determine bolus flow and directionality of such flow. Bolus flow from the esophagus to the stomach was determined to have occurred (with the commensurate time included in the BFT) when: (1) Impedance in the three impedance segments at and above the level of the EGJ dropped to below 90% of baseline (without having returned above 50% at which point flow ceases); (2) Pressure at the EGJ dropped to below 50% of baseline; and (3) Diaphragmatic crural contraction pressures were below 10 mmHg and remained at less than 50% of the baseline.
Bolus flow time and bolus presence time were reported in seconds. Impedance ratio is reported as implied as a ratio of the impedance at maximal luminal (mmHg.cm -1 ). "Total" EGJ-CI [23] was determined by calculating the measurement within a "DCI"-box at the EGJ, using the 2 mmHg above intra gastric pressure isobar contour, during ten liquid swallows and dividing this value by the total duration in seconds.
Swallow-induced EGJ relaxation
Swallow induced EGJ relaxation was determined during liquid and viscous swallows by measuring the integrated relaxation pressure in four seconds at the EGJ. This value is determined as the lowest pressure for four contiguous or non-contiguous seconds within the ten seconds following swallow-induced LES relaxation, measured from UES onset, where visible, or impedance drop below 90% of the resting value at the most proximal impedance segment. In practice the IRP tool in the MMS software was used for this measurement. IRP4 is expressed in mmHg.
Measurement of bolus flow time and presence time
Method for the determination of bolus flow time (BFT) is described in Figure 2 . Bolus flow time was determined based on the method originally described by Lin et al [14] . Text files were exported as thirty second segments including the swallow sequences. These files 
Statistical analysis
Data were analysed using Sigmaplot 13 (Systat Software Inc., San Jose, CA, United States) and Prism Plus 6.0 (Graphpad, San Diego, CA, United States). Data was assessed for a normal distribution using the D'Agostino & Pearson omnibus test. Pairwise comparisons were done via independent sample t-test or Mann Whitney U-test when non-normally distributed. Fisher's exact test was done to compare the proportions of subjects with different EGJ-subtypes. Data presented are mean ± SEM. A P value of < 0.05 considered statistically significant.
RESULTS
Subjects
Characteristics of study participants are included in Table 1 . All subjects tolerated the study procedure well and no adverse events were reported. The mean age of older subjects (n = 15; aged 85 ± 4 years, 9 M) was significantly higher than the younger group (n = 30; aged 37 ± 11 years, 11 M) (P < 0.001).
EGJ subtype
There was no significant difference in the distribution of EGJ subtypes between controls and older subjects in a sitting posture (Table 1) . Specifically, there was no increase in the Type III EGJ, associated with hiatus hernia, in the older subjects.
EGJ Barrier Function and EGJ-CI
Examples of EGJ-CI calculation are shown in Figure 3 . EGJ-CI was similar for older subjects (O) compared to younger controls (C) (O 34 ± 5 mmHg.cm vs C 25 ± 5 mmHg.cm, P = 0.18). Three older and six control subjects (20%) had EGJ-CI values below 20 mmHg. cm, within the range previously shown to be associated with gastro esophageal reflux disease [8] . Intragastric pressure was higher in older subjects compared to the younger group (Liquid: O 9 ± 2 mmHg vs C 2 ± 2 mmHg, P = 0.002; Viscous: O 11 ± 2 mmHg vs C 4 ± 2 mmHg, P = 0.005). Due to decreased swallowinduced relaxation, "total" EGJ-CI was increased in older individuals when compared to young controls (O 39 ± 7 mmHg.cm vs C 18 ± 3 mmHg.cm; P = 0.006).
EGJ swallow-induced relaxation
Examples of EGJ swallow-induced relaxation are shown in Figure 4 . The EGJ relaxation pressure (IRP4) was significantly higher in older adults for both liquid (P = 0.02) and viscous (P = 0.02) swallows, when compared to the younger group ( Table 2) . Age had no effect on the nadir EGJ pressure for either bolus consistency. Despite increased IRP, older individuals did not display the esophagogastric outflow obstruction phenotype as defined by an increase in intrabolus
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Figure 3 Examples of esophagogastric junction-contractile integral in 3 individuals; an (A) 85-year-old, (B) 50-year-old and (C) 22-year-old. In addition to different EGJ-CI measurements, three different EGJ subtypes are displayed as subtypes I (A), II (B) and IIIb (C). Expiration (E) and inspiration (I) are pictured
overlaying the thoracic recording, while pressure inversion is indicated by a solid white line. pressure at the 30 mmHg isobar contour.
EGJ bolus flow
Data for EGJ bolus presence time (BPT) and bolus flow time (BFT) are shown in Table 2 and examples are shown in Figure 5 . Bolus flow time is markedly reduced in older individuals for both consistencies (P < 0.001).
There was a negative correlation between BFT and the IRP4 (r = -0.42, P = 0.02) for all subjects. Bolus flow time was lowest in older subjects with reduced impedance-based clearance ( Figure 6 ).
DISCUSSION
This is the first study to report the influence of aging on several novel metrics assessing esophagogastric junction function. EGJ barrier function is assessed through the EGJ-CI, while swallow-induced EGJ relaxation is assessed through the IRP4 and associated bolus passage through bolus flow time (BFT). Our study shows evidence of (1) unchanged EGJ barrier function as measured via EGJ-CI; (2) reduced swallowinduced EGJ relaxation, which also increases the "total" EGJ-CI, which is measured during swallowing; and (3) reduced bolus flow time during both liquid and viscous swallowing, in aging. There is no evidence to support EGJ barrier dysfunction as a significant pathogenic factor in the increased incidence of gastro esophageal reflux disease reported in aging [26] . However, reduced EGJ relaxation in concert with greater intragastric pressure and reduced distal esophageal bolus clearance implies potential prolonged retention of gastric refluxate in the distal esophagus, potentially leading to greater mucosal damage by the refluxate. Due to an increased sensory threshold, reflux symptoms may not be perceived by the aging reflux patient [26, 27] . A low threshold should be maintained for further clinical assessment (e.g., via endoscopy) of upper gastrointestinal symptoms in older subjects and a recognition that older subjects do not always present with typical symptoms. Older patients with gastroesophageal reflux disease often present with atypical symptoms, including dysphagia [28] , have an increased prevalence of erosive reflux disease [19, 28] and also have associated motility disturbances [29] . Our findings that esophageal barrier function, as measured through EGJ-CI, is unchanged in older individuals have important implications for the assessment of aged patients with gastroesophageal reflux disease or undergoing high-resolution manometry for other indications. Whilst the resting EGJ-CI is congruent with "total" EGJ-CI in young subjects, this is not the case in subjects aged greater than eighty years. This is because decreased swallow-induced LES relaxation in these older subjects would increase the measured EGJ-CI during swallowing ("total" EGJ-CI). "Total" EGJ-CI would not be a reliable measurement of EGJ barrier function in older subjects and should not be clinically used to determine such function.
Our findings of a similar EGJ-CI in older subjects and younger controls are in keeping with those of Bardan et al [30] who showed similar LES resting pressure in healthy older volunteers as compared to younger in a supine posture. Other studies have shown either higher [16] or lower [17] resting pressures in aged individuals. In terms of the functional consequences of impaired EGJ barrier function, Lee et al [26] described increased distal esophageal acid exposure related to dysmotility and reduced acid clearance in older subjects with reflux disease. Their study also showed increased esophageal abdominal length [26] . Other studies have likewise shown increased prevalence of hiatus hernia in aging [28] . Our study in older subjects studied in a sitting posture did not find an increased prevalence of hiatus hernia as assessed by EGJ "subtypes". Our study did, however, find decreased swallow-induced relaxation, discussed further below. In this context, care needs to be taken in exactly how the EGJ-CI is calculated, i.e., whether at rest or during swallowing, with only values at rest being clinically relevant in subjects over eighty, as discussed above. Our findings demonstrating reduced swallowinduced EGJ relaxation in healthy aging, is consistent with a previous study by Besanko et al [18] , which showed decreased swallow-induced relaxation, as measured through the IRP4, in healthy older adults over eighty years. Likewise, Jung et al [31] also showed a significant correlation of IRP4 with age and aging. The finding of decreased swallow-induced EGJ relaxation with aging is consistent with degeneration of myenteric lower motor neurons. Degeneration of such neurons have previously been demonstrated in aging animals [32] and humans [33] . Myenteric neurons and in particular cholinergic neurons [34] , seem to represent a vulnerable subpopulation when compared to neuronal cells elsewhere in the body [35] . Furthermore, our findings indicating more proximal bolus retention [15] also implies decreased distal esophageal distention [36] , decreasing the stimulus for nitrinergic distention-based EGJ relaxation [37] . Lastly, aged subjects have decreased esophageal sensory function and by implication a lesser perception of the stimulus for bolus/distentionbased EGJ relaxation. The clinical implications of these findings are the potential for prolonged retention of refluxed contents, leading to the observed increase in erosive reflux disease in this population, but also longer esophageal retention of swallowed contents leading to a higher prevalence of "pill" esophagitis; and increased prevalence of esophageal dysphagia symptoms (or asymptomatic swallowing dysfunction) in the aging population. Esophageal bolus transit is reduced in this population [15] and thus an additional factor of decreased swallow-induced LES relaxation may change borderline bolus transport into clinically relevant dysphagia. In our study, bolus flow time (BFT) at the EGJ was markedly reduced in older subjects when compared to controls. Further analyses revealed BFT was most markedly reduced in those individuals with impaired esophageal bolus clearance ( Figure 6 ). Reduced EGJ bolus flow time has previously been shown in association with ineffective esophageal motility [14] . By adding bolus presence time (BPT) at the most distal impedance segments above the EGJ, we can draft a matrix (Figure 7) representing the main causes of reduced BFT, namely (1) reduced bolus clearance (reduction in both BPT and BFT) and (2) increased EGJ flow resistance, similarly to that in achalasia [13] (reduced BFT with increase in BPT). Our previous data suggested reduced overall esophageal bolus clearance [15] in older volunteers. Further assessment A B Figure 6 Bolus flow time is reduced during liquid and viscous swallows in asymptomatic older subjects without (older non-cleared) impedance-based esophageal bolus clearance and also in older subjects with esophageal clearance (older cleared) by impedance criteria, when compared to young controls (control). a P < 0.05, e P < 0.001 vs control; f P < 0.001 vs older cleared. BFT: Bolus flow time. of the esophageal bolus clearance through a BFT/BPT matrix revealed an equivalent proportion of failed clearance due to ineffective esophageal motility and increased EGJ flow resistance, revealing that both these factors play a role in reduced esophageal bolus clearance in older individuals and as described above may lead to clinically relevant dysphagia. Our study has some limitations. We did not record pH-metry, in order to assess the implications of potential changes in EGJ barrier function as measured in our study, as we could not justify acquiring pH-metry in asymptomatic volunteers. A specific assessment of EGJ metrics in aged individuals undergoing pH studies would be of value. Subjects were excluded if they reported reflux related symptoms or were on anti-reflux medications (other than occasional over the counter medications). We cannot exclude having inadvertently included asymptomatic individuals with reflux disease in our study. Furthermore, transient lower esophageal sphincter relaxations (TLESR's) were not assessed during our study. Our study was not designed to assess TLESR's, but a study of TLESR activity in aging would be of great value as to our knowledge, TLESR's have never been specifically assessed in the aged population.
Our study showed evidence of similar EGJ barrier function at rest, but not during swallowing; reduced swallow-induced relaxation and markedly reduced bolus flow time (BFT) at the EGJ in older individuals. The use of a BPT/BFT matrix allowed us to determine different causes for reduced BFT in aging, indicating equivalent numbers being due to failed bolus clearance and increased EGJ flow resistance. Our study has important implications for better understanding mechanisms of failed bolus clearance in older individuals and in guiding investigation in older subjects with gastroesophageal reflux disease, where non-clearance of refluxate predisposes older subjects to increases in distal esophageal acid exposure, potentially explaining the increased prevalence of severe reflux esophagitis in older GERD patients [19] . Our study also implies the EGJ, in addition to the oropharynx and distal esophagus, should be a focus during investigation and may be a potential therapeutic target (e.g., for dilatation) in aged patients with dysphagia.
COMMENTS
Background
Decreased swallow-induced esophagogastric junction (EGJ) relaxation had previously been demonstrated in aged subjects over eighty years. We conducted a study to manometrically assess the functional consequences of such findings.
Research frontiers
This study used novel analysis techniques of high-resolution impedance manometry recordings to determine the functional effects on bolus transport at the EGJ and postulate on the clinical implications in relation to reflux disease and dysphagia in older patients.
Innovations and breakthroughs
Novel analyses in determining EGJ barrier function, namely EGJ-contractile integrals are described for the first time in this population. Bolus flow time determined through pressure flow analysis at the EGJ is described for the first time in this population.
Applications
These data has clinical application when interpreting manometry recordings in older subjects over eighty years and may have further clinical utility in determining which patients may benefit from endoscopic dilatation of the EGJ (not measured in this study).
Peer-review
The study analyses functional effects of abnormal EGJ measurements in asymptomatic healthy volunteers over eighty years of age. EGJ functions were evaluated by using EGJ-contractile integral (EGJ-CI), "total" EGJ-CI and bolus flow time (BFT). A matrix of bolus flow and presence above the EGJ indicated reductions in bolus flow at the EGJ occurred due to both impaired bolus transport through the esophageal body and increased flow resistance at the EGJ. The authors concluded that this study has important implications for better understanding mechanisms of failed bolus clearance in older individuals and in guiding investigation in older subjects with gastroesophageal reflux disease.
